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ABSTRACT 

The two-frequency rocket-borne propagat ion  

experiment of Seddon has r ecen t ly  been used t o  

measure t h e  e l e c t r o n  densi ty  d i s t r i b u t i o n  w e l l  

above t h e  F peak of t h e  ionosphere.  For these 

h igh -a l t i t ude  measurements of l o c a l  e l e c t r o n  

dens i ty ,  t h e  e f f e c t s  of t h e  v a r i a t i o n  i n  t h e  

2 

e l e c t r o n  dens i ty  d i s t r i b u t i o n  along t h e  r a y  

pa th  have t o  be considered. Even for a qu ie t  

ionosphere a co r rec t ion  has t o  be made due t o  

t h e  curva ture  of the t r a j e c t o r y  and t h e  curva ture  

of the  e a r t h ,  s i n c e  for  practical  reasons v e r t i c a l  

rocket  f i r i n g s  cannot be r e a l i z e d .  

An example of a measurement of t h e  electron- 

dens i ty  p r o f i l e  up t o  620 k m  by means of t h e  CW 

propagation technique is presented.  The c o r r e c t i o n  

of t h e  l o c a l  e l e c t r o n  density due t o  t he  geometry 

of t h e  t r a j e c t o r y  f o r  a launching 10 degrees  of f  

t h e  v e r t i c a l  amounted t o  about 2w a t  an a l t i t u d e  



of 620 km. From t h e  co r rec t ed  e l e c t r o n  dens i ty  

p r a f i l e  o the r  parameters such a s  scale height  

and temperature of t h e  upper ionosphere can be  

infer red .  

For t h e  a n t i c i p a t e d  measurements up t o  an 

a l t i t u d e  of one earth r a d i u s  using t h e  CW 

propagation experiment and veh ic l e s  of t h e  Scout 

type,  t h e  t i m e  v a r i a t i o n  of t h e  ionosphere below 

t h e  vehicle  must always be considered t o  a r r i v e  

a t  r e l i a b l e  l o c a l  e l e c t r o n  dens i ty  da ta .  A 

co r rec t ion  f o r  t h i s  t i m e  v a r i a t i o n  can be made 

by using recorded information\-on t h e  ordinary and 

extraordinary propagation modes a t  two harmonically 

r e l a t e d  frequencies .  T h i s  co r rec t ion  procedure 

is b r i e f l y  out l ined .  

Future measurements up t o  a few thousand 

ki lometers  should allow t h e  determinat ion of t h e  

e l e c t r o n  dens i ty  d i s t r i b u t i o n  with he ight ,  e s p e c i a l l y  

i n  t h e  t rans i t ion- reg ion  from the  ionosphere t o  

t h e  protonosphere. 



1 

ROCKET MEASUREMENTS OF THE UPPER 
IONOSPHERE BY A RADIO PROPAGATION TECHNIQUE 

S. J. Bauer and J. E. Jackson 
National Aeronautics & Space Administration 

Goddard Space F l igh t  Center 
Greenbelt ,  Maryland 

The rocket-borne CW propagation technique f o r  measuring 

ionospheric  e l e c t r o n  dens i ty  introduced by Seddon (1953) 

is based upon t h e  measurement of t h e  d i s p e r s i v e  Doppler 

e f f e c t  a t  two harmonically r e l a t e d  f requencies  f and 6f. 

This  Doppler effect is t h e  r e s u l t  of t h e  motion of a 

rocket-borne t r a n s m i t t e r  within t h e  ionosphere and can be 

expressed as a change i n  the  phase pa th  P of t h e  t r ansmi t t ed  

r a d i o  wave 

w h e r e  f is t h e  t ransmi t ted  frequency, c is t h e  ve loc i ty  of 

l i g h t  i n  vacuo, n is t h e  r e f r a c t i v e  index a t  the  rocket  

which is r e l a t e d  t o  t h e  e l ec t ron  dens i ty  N through 

the  Appleton-Hartree formula and ? is t h e  ve loc i ty  component 

of t h e  rocket  i n  t h e  ray-direct ion,  The i n t e g r a l  t e r m  

R 

r e p r e s e n t s  t h e  t i m e  va r i a t ion  of the  r e f r a c t i v e  index 

(or  e l e c t r o n  dens i ty )  a long t h e  ray path.  For low a l t i t u d e  

f l i g h t s  and near ly  v e r t i c a l  rocket  f i r i n g s  as w a s  t h e  case  

i n  ear l ier  experiments,  t h e  l a t t e r  t e r m  is, i n  genera l ,  

n e g l i g i b l y  s m a l l .  HoweverS w i t h  the  ex tens ion  of t h e  CW 



propagation experiment t o  higher  a l t i t u d e s  and more 

obl ique propagation pa ths ,  t h e  i n t e g r a l  t e r m  must be 

considered as a co r rec t ion  t e r m  t o  a r r ive  a t  accu ra t e  

l o c a l  e l ec t rdn  d e n s i t i e s .  

In  the  following d iscuss ion  w e  s h a l l  consider  CW 

propagation measurements by means of research-rockets  

reaching a l t i t u d e s  w e l l  beyond t h e  F2 peak of t h e  

ionosphere 

The experimental arrangkngnt used f o r  these measure- 

ments is the fol lowing:  

The rocket payload c o n s i s t s  of a t r a n s m i t t e r  

d e l i v e r i n g  t h e  two harmonically related f requencies  

f = 12.267 Yc/s and 6f = 73.6 Mc/s with a frequency 
8 s t a b i l i t y  of 1 p a r t  i n  10 , and two d i p o l e  antennas f o r  

t h e s e  frequencies  which a r e  extended t e l e s c o p i c a l l y  t o  

t h e i r  f u l l  lengths  (21 and 7 f t .  t i p - t o - t i p ,  r e spec t ive ly )  

by explosive charges a f t e r  nose-cone e j e c t i o n .  Fig. 1 

shows t h e  payload w i t h  the  antennas extended, P r i o r  t o  

nose-cone e j ec t ion  t h e  antennas are fo lded  along-side 

t h e  payload frustum and t h e r e f o r e  do not provide e f f e c t i v e  

r ad ia t ion , e spec ia l ly  a t  t h e  lower frequency, 

reason ac tua l  measurements begin only a f t e r  nose-cone 

e j e c t i o n  and antenna deployment. A rather cgmplex ground 

s t a t i o n  (Fig, 2)  loca ted  near  t h e  launching s i te  is used 

t o  r e c e i v e  and compare t h e  s i g n a l s  t r ansmi t t ed  from t h e  

rocket  ,, 

FOP t h i s  
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The b a s i c  q u a n t i t i e s  measured a t  t h e  ground s t a t i o n  

a r e  t h e  beat  f requencies  due t o  t h e  d i f f e r e n c e  between 

t h e  received high frequency 6f and low frequency f ,  t h e  

l a t t e r  mu l t ip l i ed  by t h e  harmonic f a c t o r  (m = 6)  a t  t h e  

ground, f o r  t h e  two magneto-ionic components, which a r e  

s e p a r a t d  by' v f r t w  of their polarization =sing pr~per 

antenna arrangements, 

The beat  f requencies  obtained by t h e  ground-station 

equipment can - b e  expressed by 

- + r o l l  co r rec t ion  (2 1 
where n (h) is t h e  r e f r a c t i v e  index a t  t h e  high frequency 

6 f ,  n ('I is t h e  index a t  the low frequency f and t h e  

s u b s c r i p t s  o and x r e f e r  t o  t h e  ordinary and ex t raord inary  

components, r e spec t ive ly ,  w h i l e  the  o t h e r  q u a n t i t i e s  have 

t h e i r  previously def ined meanings, The first t e r m  of (2) 

is r e l a t e d  t o  t h e  e l e c t r o n  dens i ty  a t  t h e  rocke t ,  w h i l e  

t h e  second t e r m  r ep resen t s  a co r rec t ion  due t o  t h e  t i m e  

v a r i a t i o n  of t h e  e l e c t r o n  dens i ty  d i s t r i b u t i o n  along t h e  

ray path.  The ordinary and ex t raord inary  beat  f requencies ,  

a s  w e l l  a s  t h e i r  a lgeb ra i c  combinations a r e  d i r e c t l y  

a v a i l a b l e  from the  ground s t a t i o n .  

For a recent  experiment, which s h a l l  be d iscussed  

here as an example, t h e  a n a l y s i s  was based upon t h e  sum 
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of the  ordinary and ex t r ao rd ina ry  bea t  f requencies  which 

may be expressed a s  a f i r s t  approximation by 

The sum Fs h a s  t h e  advantage of being f r e e  of r o l l  e f f e c t s  

s i n c e  t h e  ind iv idua l  ord inary  and ex t r ao rd ina ry  bea t  

f r equenc ie s  have equal  but  oppos i t e  r o l l  co r rec t ions .  

Furthermore,F 

magnetic f i e l d  over t h e  a l t i t u d e  and e l e c t r o n  d e n s i t y  

range covered by t h e  p re sen t  experiment. However, t h e  

cons is tency  of t h e  obtained d a t a  can be checked by a n a l y s i s  

of t he  ind iv idua l  ord inary  o r  ex t r ao rd ina ry  bea t  f requencies ,  

The r o l l  rate of t h e  rocket needed f o r  c o r r e c t i n g  t h e  

i n d i v i d u a l  beat f requencies  is a l s o  obtained a t  the ground 

s t a t i o n  from t h e  received high frequency s i g n a l ,  a f t e r  

a s l i g h t  co r rec t ion  f o r  t he  Faraday-rotat ion a t  t h i s  

frequency. 

is almost independent of t h e  e a r t h ' s  
S 

From Fs an apparent l o c a l  e l e c t r o n  dens i ty  corresponding 

t o  

N' z ( t2 N d r  - N d r )  

can be obtained by means of t h e  Appleton-Hartree formula 

t o g e t h e r  w i t h  t r a j e c t o r y  information g iv ing  t h e  radial 

v e l o c i t y  component of t h e  rocket, 
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The reason why t h e  e l ec t ron  d e n s i t i e s  obtained i n  

t h i s  manner a r e  not t r u e  loca l  e l e c t r o n  d e n s i t i e s  i d  

because t h e  i n t e g r a l  t e r m  was neglected i n  t h e  expression 

f o r  F (equ. 31, For a quiet  ionosphere,  i.e. no r a p i d  

changes i n  t h e  e l e c t r o n  densi ty  d i s t r i b u t i o n  along t h e  
S 

ray path and a'usence significant h v r i z o a t a i  gradients, 

t h e  i n t e g r a l  t e r m  is mainly due t o  t h e  geometry of the 

t r a j e c t o r y .  For a sphe r i ca l ly  s t r a t i f i e d  ionosphere,  

t h e  t r u e  e l e c t r o n  d e n s i t y  can be der ived  from t h e  apparent 

e l e c t r o n  dens i ty  on t h e  b a s i s  of t h e  fol lowing co r rec t ion  

procedure which fol lows from simple geometr ical  cons ide ra t ions  

(Fig. 3): 

N = N' + f (N' - F) R 
With & = ' 
p o s i t i o n  vec tor  a t  t h e  ground s t a t i o n  and €Ir is t h a t  

angle  a t  t h e  rocke t ,  r is t h e  r a d i a l  d i s t a n c e  between 

tan 'r , where 0 is t h e  z e n i t h  angle  of t h e  
r 

ground s t a t i o n  and rocket  as def ined by Fig. 3 and 

The r e s u l t s  of t h e  e l ec t ron  dens i ty  measurements of 

a r e c e n t l y  f i r e d  4-stage research rocket  of t h e  type 

ARGO D-4 are shown i n  Fig. 4. The dashed l i n e  r e p r e s e n t s  

t h e  apparent (uncorrected) e l ec t ron  dens i ty  p r o f i l e  

ob ta ined  from t h e  sum Fs of the  ordinary and ex t raord inary  
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case, t h e  s impl i f i ed  c o r r e c t i o n  procedure was a p p l i c a b l e ,  

s i n c e  t h e  ionosphere was very q u i e t  dur ing  t h e  f i r i n g  

and no ho r i zon ta l  gradientswere i n d i c a t e d  from t h e  v e r t i c a l  

inc idence  soundings of t he  ionosphere a t  three s t a t i o n s  

i n  the neighborhood of t he  launch s i t e .  

I 

Although t h e  o b l i q u i t y  c o r r e c t i o n  a t  620 k m  (which 

is about 85% of t h e  p a r t i c u l a r  peak a l t i t u d e  and the  

a l t i t u d e  where t h e  v e r t i c a l  v e l o c i t y  component of t h e  

rocke t  became comparable t o  t h e  h o r i z o n t a l  component), 

is only of the o rde r  of 2 a ,  t h e  importance of t h i s  

c o r r e c t i o n  becomes apparent when one t r ies  t o  i n t e r p r e t  

t h e  phys ica l  s i g n i f i c a n c e  of an e l e c t r o n  d e n s i t y  p r o f i l e .  

On the b a s i s  of t h e  uncorrected p r o f i l e  one could deduce 

a p o s i t i v e  scale he ight  g rad ien t  w i t h  t h e  impl ica t ion  

of i nc reas ing  temperature i n  the he ight  reg ion  above 

t h e  F peak, while the a c t u a l  p r o f i l e  based on t h e  

corrected e l e c t r o n  dens i ty  is r e p r e s e n t a t i v e  of a d i f f u s i v e  

equi l ibr ium d i s t r i b u t i o n  i n  an i so thermal  upper ionosphere. 

I t  should be noted tha t  a number of t h e  publ i shed  e l e c t r o n  

d e n s i t y  p r o f i l e s  above t h e  F2 peak obta ined  from rocket  

measurements us ing  propagation techniques  resemble our  

uncorrected p r o f i l e ,  This sugges t s  t h a t  the  c o r r e c t i o n  

2 
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o u t l i n e d  here may not  have been made and t h a t  

be taken  i n  t h e  geophysical  i n t e r p r e t a t i o n  of 

cau t ion  should 

such p r o f i l e s .  

From t h e  p r a c t i c a l l y  constant  l oga r i thmic  s l o p e  of our  

e l e c t r o n  dens i ty  d i s t r i b u t i o n  above t h e  F peak a scale 

he ight  f o r  t h e  e lec t ron- ion  gas of t h e  o rde r  H v  i 200 k m  

is obtained.  Assuming local  thermodynamic equ i l ib r ium 

and t h e  major i o n i c  cons t i t uen t  t o  be atomic oxygen, t h i s  

scale h e i g h t  corresponds t o  a temperature  T P 1 6 4 0 O ~  f o r  

t h e  a l t i t u d e  reg ion  from 350 t o  620 k m ,  which is i n  good 

agreement w i t h  daytime temperatures der ived  from sa t e l l i t e  

dens i ty  d a t a  (Jackson and Bauer, 1961). 

2 

While f o r  a q u i e t  ionosphere,as shown by t h e  p r e s e n t  

example, t h e  s i m p l i f i e d  correct ion  procedure (based on 

geometr ical  cons ide ra t ions  only) f o r  ob ta in ing  local 

e l e c t r o n  d e n s i t i e s  from CW propagation measurements is 

a p p l i c a b l e ,  t h i s  is not  t h e  case f o r  t i m e s  when t h e  

ionospher ic  e l e c t r o n  dens i ty  d i s t r i b u t i o n  v a r i e s  r a p i d l y  

w i t h  t i m e ,  e ,g .  a t  s u n r i s e  or dur ing  ionospher ic  d i s tu rbances .  

Furthermore, f o r  a l t i t u d e s  w e l l  above 1000 k m  t h e  i n t e g r a l  

t e r m  i n  equat ion  (2) can assume major importance even 

f o r  almost v e r t i c a l  f i r i n g  s i n c e  t h e  c o n t r i b u t i o n  of t he  

time-varying i n t e g r a l  term may become comparable i n  magnitude 

t o  t h e  first t e r m  represent ing  t h e  l o c a l  e l e c t r o n  dens i ty .  

In p r i n c i p l e ,  t h e  i n t e g r a l  t e r m  can be e l imina ted  5f 

simultaneous Doppler and Faraday-rotation measurements are 
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being made, as first suggested by Kelso (1960). For high 

frequencies  t h i s  procedure is  r e l a t i v e l y  s t ra ight forward .  

FOP f requencies  a s  low a s  12.267 Mc/s which provide a 

more s e n s i t i v e  measure of t h e  ionospheric  e l e c t r o n  dens i ty ,  

a simple approximation t o  t h e  Appleton-Hartree formula 

is not s u f f i c i e n t  f o r  an accu ra t e  determinat ion of t h e  

l o c a l  e l ec t ron  dens i ty .  However, with a l l  t h e  q u a n t i t i e s  

measured i n  t h e  CW propagation experiment,  it is poss ib l e  

t o  a r r i v e  a t  a s o l u t i o n  f o r  t h e  l o c a l  e lec t ron-dens i ty  a t  

t h e  rocket ,  based on t h e  complete Appleton-Hartree formula, 

t ak ing  i n t o  account t h e  e f f e c t  of a time-varying e l e c t r o n  

dens i ty  d i s t r i b u t i o n  along t h e  r a y  path.  

The following two q u a n t i t i e s  are d i r e c t l y  obta inable  

from t h e  CW propagation experiment:  

where 

and t h e  other  q u a n t i t i e s  have t he i r  previously def ined  

meanings. 

The q u a n t i t i e s  and are expressed i n  t e r m s  of t h e  2 
r e f r a c t i v e  i n d i c e s  given by t h e  complete Appleton-Hartree 
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formula. It is convenient t o  represent  and J$ 
graph ica l ly  as a f a m i l y  of curves. 

S e t t i n g  3(; = x2 
where A ( N ,  2) is a parameter which depends upon t h e  

e l e c t r o n  dens i ty  N and t h e  e a r t h ' s  magnetic f i e l d  2, 
--- , . , Z C -  w e  G a i l  i i u w  W A - A L C :  

where 

r 

and x l d r  and fx2dr can be computed by numerical  i n t e g r a t i o n  

from t h e  complete Appleton-Hartree formula on t h e  b a s i s  
6 0 

of t h e  measured e l e c t r o n  density p r o f i l e ,  uncorrected f o r  

t h e  t i m e  v a r i a t i o n  along t h e  ray path.  

From t h e  two above equat ions w e  ob ta in  

The l o c a l  e l e c t r o n  densi ty  a t  t h e  rocket  can now 

be determined from 3 by means of t h e  complete Appleton- 

Har t ree  formula. 

It should be noted t h a t  the  genera l  c o r r e c t i o n  ou t l ined  
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above, includes t h e  t i m e  v a r i a t i o n  of t h e  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n  along t h e  ray  pa th  due t o  t h e  geometry of t h e  

t r a j e c t o r y  as w e l l  a s  t h e  e x p l i c i t  t i m e  v a r i a t i o n  of t h e  

ionosphere,  Although i n  p r i n c i p l e ,  t h e  gene ra l  c o r r e c t i o n  

could be appl ied t o  rocket f l i g h t s  below 1000 k m ,  such a s  

t h e  one i l l u s t r a t e d  ear l ier ,  t h e  procedure is more 

complicated because of t h e  a d d i t i o n a l  eva lua t ion  of t h e  

beat-freQuency d i f f e r e n c e  A, as w e l l  as t h e  r o l l  co r rec t ion .  

Furthermore, f o r  a q u i e t  ionosphere it does not  improve 

t h e  accuracy of t h e  l o c a l  e l e c t r o n  d e n s i t y  above t h a t  

obtained by means of t h e  r e l a t i v e l y  simple o b l i q u i t y  

c o r r e c t i o n .  

The previous d i scuss ion  is based on r a t h e r  i d e a l i z e d  

cond i t ions ,  However, w i t h  research-rockets ,  n e a r - v e r t i c a l  

f i r i n g s  w i t h  z e n i t h  ang le s  of 4 O  t o  loo can be realized. 

Thus, problems l i k e  r e f r a c t i o n  o r  p a t h - s p l i t t i n g  of t h e  

o r d i n a r y  and ex t r ao rd ina ry  propagat ion modes do not become 

as ser ious , -a t  l e a s t  not  on t h e  upward l e g  of the  t r a j e c t o r y  

which is mainly used f o r  t h e  CW propagat ion experiment-as 

i n  s a t e l l i t e  propagat ion work. If t h e  need ar ises ,  t h e  

more complicated s i t u a t i o n  can be considered by r a y  t r a c i n g  

procedures using e l e c t r o n i c  computers as  has  been shown 

f o r  s a t e l l i t e  propagat ion s t u d i e s  ( L i t t l e  and Lawrence, 1960). 

A detai led t h e o r e t i c a l  d i scuss ion  of propagat ion phenomena 

i n  a t i m e  varying inhomogenous ionosphere a p p l i c a b l e  t o  
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rocket  and satel l i te  measurements has  r ecen t ly  been given 

by Kelso (1961). 

The upper l i m i t  f o r  t h e  propagation experiment is mainly 

determined by t h e  magnitude of t h e  beat  frequency and t h e  

a p p l i c a b i l i t y  of t he  cor rec t ion  procedure. Theore t i ca l ly  

der ived beat-frequencies based on e s t ima tes  of ionospheric  

s t r u c t u r e  and vehic le  performance f o r  t h e  ARGO D-4 and the 

Scout vehic le  a r e  shown i n  Fig. 5. It  can be seen,  t h a t  f o r  

t h e  Scout the  beat  frequency drops t o  1 cps a t  about 

800 sec a f t e r  take-off corresponding t o  an a l t i t u d e  of 

about 4000 km. However it is poss ib l e ,  t o  average t h e  

readings  of beat  frequency over longer t i m e  i n t e r v a l s ,  

so  t h a t  it appears  f e a s i b l e  t o  make u s e f u l  measurements 

t o  even g r e a t e r  a l t i t u d e s .  The t i m e  per iod over which 

t h e  beat  no te s  are read may be of t h e  order  of s e v e r a l  

seconds which st i l l  corresponds t o  a height  i n t e r v a l  

small compared t o  t h e  l o c a l  scale-height which is of 

t h e  order  ofN1000 k m  due t o  t h e  predominance of hydrogen 

a t  a l t i t u d e s  above 2000 km.  

Measurements with t h e  Scout vehic le  should make it  

p o s s i b l e  t o  measure w i t h  good accuracy t h e  e l e c t r o n  

dens i ty  d i s t r i b u t i o n  i n  t h e  t r ans i t i on - reg ion  from 

ionosphere t o  protonosphere,  and w i t h  reasonable  accuracy 

t h e  e l e c t r o n  d e n s i t i e s  w i t h i n  t h e  protonosphere.  

To make f u l l  use of t h e  rocket  vehic le  a d i r e e t -  

- 11 - 



measurement technique, such a s  an RF-impedance probe is 

included which measures e l e c t r o n  dens i ty  on t h e  downward 

l e g  where t h e  propagation experiment is handicapped because 

of t h e  oblique propagation paths .  The propagation 

experiment a l s o  provides i n - f l i g h t  c a l i b r a t i o n  on t h e  

upward l e g  f o r  t h e  d i r e c t  measuring technique, s ince ,  

e.g. t h e  RF-probe a t  t h e  present  t i m e  has  not y e t  achieved 

t h e  degree of measurement accuracy ( 3 2 % )  which can be 

r e a l i z e d  with t h e  propagation technique under undisturbed 

condi t ions.  

The CW propagation technique which has  i n  t h e  pas t  

proven i t s e l f  a u se fu l  t o o l  f o r  ionospheric  r e sea rch  may 

also f i n d  app l i ca t ion  i n  t h e  f u t u r e  explora t ion  of 

p lane tary  ionospheres. 
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